The paper is focused on the modelling of an inductor to exploit its non-linear behaviour in the roll-off region when it is employed in a DC/DC converter. The model is set up on the basis of experimental data measured in operating conditions, which are fitted to a polynomial curve describing the inductance variations. The analysis of the buck converter, performed by including the proposed model, is validated by experimental tests.
Introduction
Switch-mode power supplies (SMPS) in step-down and step-up configuration are widely used in many portable applications especially where energy is obtained by renewable sources [1] [2] [3] . The optimal design implies that a high power density value is achieved. These circuits use the inductor as an energy reservoir, which is energized by the voltage source and transfers energy to the load kept at constant voltage by a capacitor. The inductor remains a bulky component of the converter since its core is dimensioned to prevent the onset of saturation. This approach raises the size and cost of the inductor [4] . In most of the theoretical studies on the static and dynamic performances of converters, the inductor is considered as a linear device, i.e. a dipole in which the magnetic flux is proportional to the current.In particular the inductor is operated with a constant DC current value and a moderate ripple allowing the hysteresis curve to be considered as linear and the inductance as constant [5, 6] . Anyway, this jeopardizes the power density since during operation the inductor's capabilities are not fully exploited [7, 8] .
Recently the use of inductors working in partial saturation has been considered in literature where it has been assessed that the advantages in using a more compact inductor imply an acceptable amount of losses [9] [10] [11] . From the theoretical point of view, if the hypothesis of linearity for the inductor is removed, the value of the inductor varies with the current. During its operation in a DC/DC converter, when it is biased with a DC value of the flux with a superimposed ripple, the inductance will experience a variation from a minimum to a maximum during the switching period. For this reason a suitable model is required. Some models have been proposed in literature. In [12] a first approximation is obtained using Finite Element Analysis (FEA), then the model is verified by comparing the results obtained from the simulation with measurements. Reference [13] proposes a model of magnetic components which integrates a nonlinear model of hysteresis, electro-magnetic windings and thermal behavior in a single model for use in circuit simulation of power electronics systems. The operating efficiency of the full bridge converters via one and two output inductors was evaluated and analysed in [14] , where to take into account the magnetic saturated effects of the core material, a nonlinear inductance model is used. A dynamic model including the effects of saturation, hysteresis and eddy currents for lossy inductors is presented in [15] . In [7] a behavioural analytical model of inductance versus current saturation curve, obtained starting from the data provided by inductors manufacturers, is proposed and the inductor is analytically described by means of an arctangent function. In [16] three different models are described: an average model, a piecewise linearized model and a model based on the Volterra-series expansion. In this paper a new model of the inductor, based on a polynomial curve fitting of the inductance variation, is proposed. The model is obtained by an experimental set up in which the inductor is DC biased and a flux ripple is superimposed. This approach allows the model to be identified when data provided by manufacturer are lacking or not sufficient. The suitability of the model has been assessed by comparing simulation and experimental data obtained by a buck converter whose inductor has been previously characterized by following the proposed method. This paper is organized as follows: in section two the behaviour of a DC/DC Buck converter with inductor in moderate saturation is described. Section three is devoted to the inductor characterization and modelling. A DC/DC buck converter implementation is presented in section four and the experimental rig to validate the model is described in section five. Simulation and experimental results are finally given in section six.
DC/DC buck converter with inductor in moderate saturation
The scheme of a Buck converter is shown in Figure 1 , where the equivalent series resistance (ESR) of the inductor and of the capacitor are neglected.
Fig. 1. Buck converter scheme
In Continuous Conduction Mode (CCM), turning on the switch increases the inductor current. When the switch is in "off" state , the inductor current "freewheels" through the diode. During the "on" time the inductor experiences a constant voltage and, if the inductor is linear, the current raises with a constant slope given by (v in -v out )/L, whereas during the "off" time the slope is given by (-v out )/L as shown in Figure 2a . If the average current in the inductor is increased, the weak saturation region is reached at the end of the "on" time. As a consequence, the maximum current will be higher, if compared with the linear case, and the shape will be different according to the variation of the inductance (Figure 2b ). 
Inductor characterization.

A. Linear behaviour
As it is known, an inductor is characterized by the following relationship between the magnetic flux (or simply flux) and the current:
where φ is the flux concatenated with the wires and L the self-inductance (or simply inductance). The voltage vs. current relationship for a linear inductor is obtained by applying the Faraday's law considering the inductance as constant:
where the voltage and the current are defined according to 
B. Commercial power inductors characteristic
The inductors used in DC/DC converter applications often exhibit an inductance whose value is variable with the current. Figure 4 shows, as an example, the variation of inductance of a set of commercial inductors vs. current, where L R and I R denote the rated values while L op and I op are the operating values [17] . As example the inductor B2302M001 corresponds to L R =2.5 mH and I R = 3A, it can be noted that the maximum value of the inductance is exhibited for low currents. The greater the current, the smaller is the inductance, which assumes the smallest value (about 30% of the maximum) when the current reaches 1.4 times of the rated value. In a DC/DC converter the inductor is operated around a DC point. If the ripple of the current around this point is small, the inductor will show a small variation of the flux and equation (2) is still valid. However in the design phase, it implies an oversizing of the inductor as a great part of magnetic material remains unexploited. On the other hand, for larger current ripple around the DC point, an increase of the maximum current will be expected and the variation of the inductance vs. current has to be considered. As a consequence the model described by (2) is no longer valid. In the curve of the inductance vs. current three regions of operation can be identified: a) the weak saturation region, in which the inductance slightly decreases with respect to L R , until about 70% of L R ; b) the roll-off region, where the inductance swings from values close to L R to values close to the value that represents the saturation L deepsat ; c) the deep saturation region, where the inductance is much lower than about 30% of L R and approaches the value corresponding to L deepsat . The extension of the operating points to the roll-off region implies a significantly higher current, flowing through the inductor, compared to the exploitation of the weak saturation region only. Fig. 4 . Inductance vs. current of a commercial inductor
C. Experimental characterization of the inductor
In order to identify the function L=L(i) in principle the curves given by manufacturers could be used; unfortunately due to the fabrication tolerances this introduces an appreciable error in the model. For this reason we decided to characterize the inductor experimentally. The measurement circuit is made by a simple Buck converter similar to Figure 1 . The DC current if imposed by varying the load, while switching frequency, input/output voltages and duty cycle are optimized in order to limit the current ripple, so to avoid the variation of the inductance. On the basis of the voltage applied to the inductor terminals and of the slope of the current, the inductance is given by:
The measurement has been performed on a ring core chokes with iron powder core, with rated inductance of 2.5 mH and rated current of 3 A, setting the DC current equal to: 0.5, 1, 2, 3, 4, 5 and 6A. Then these points have been interpolated by a polynomial curve. The best results has been obtained by a 4 th order curve: 
with the coefficients given by (5) .
Comparing simulated and experimental results (see Figure 5 ), however it has been noted that the corresponding waveforms are different. It can be explained by a sensitivity analysis of (4). In particular, the sensitivity respect to the coefficients L i is given by the corresponding term of the current (6) . 
Eq. (6) shows that the error on the coefficients with lower index is more relevant at lower current, on the contrary the error on the coefficients with higher index is more relevant at higher current. A tuning algorithm has been used to adjust the coefficients. This algorithm provides the matching of the coefficients starting from L 0 obtained by a DC current of 0.5A up to L 4 which is optimized for a DC current of 4A. The flow chart of the algorithm is shown in Figure 6 . On this basis a new set of coefficients (7) has been obtained. These coefficients allow a good fitting of simulated and experimental data as shown in Figure 7 . The inductance curve obtained on the basis of the new set of coefficient (7) of polynomial fitting is plotted in Figure 8 . The corresponding characteristics values are:
Fig. 8. Inductance vs current curve
D. Proposed model of the inductor
The inductor, as described by (4) with coefficients (7), has been modelled to be used in the simulation analysis. The magnetic flux is given by:
On the basis of the magnetic flux, eq. (8) is solved in recursive form: (9) with the constraint:
This last condition imposes that the horizontal line of the flux must intersect the curve sketched in Figure 9 so that eq. (9) admits a solution. The solution used in simulation lies on the left of the maximum. Fig. 9 . Flux curve, given by i · L(i).
The implementation of (9) in Simulink® environment is shown in Figure 10 . Fig. 10 . Implementation of eq. (9) in Simulink® environment
DC/DC buck converter implementation.
The DC/DC buck converter has been implemented in Simulink® environment following the approach described in [18] . This approach does not require a specific circuit simulator and it is faster than using conventional circuit simulators, in addition it takes into account the parasitic effects of inductors and capacitors. Instead of a linear inductor, the model of Figure 10 has been adopted. In addition, to validate the simulation results, the circuit has been built in hardware form. The list of the components used for the experimental circuit is summarized in table I. 
The test rig
The test rig is composed of a power supply, the DC/DC converter under test, the resistor load, a digital multimeter, an oscilloscope equipped with voltage and current sensors to acquire the duty cycle, the output voltage and the current in the inductor of the DC/DC converter. The main components of the experimental rig are summarized in table II. 
Results
A. Model validation
The model has been validated comparing simulation and experimental data of the inductor current and of the output voltage of the converter. Figures 11a and 11b show the shape of the current flowing through the inductor in case of small and large ripple respectively. Figure 11a has been obtained with a supply voltage of 30V, a switching frequency of 20 kHz, duty cycle equal to 0.5 and a DC current of 2 A; it can be noted that with a ripple of about 200 mA the shape of the current is the well-known triangular waveform. The waveforms of Figure 11b have been obtained with the same DC current but, the switching frequency has been lowered to 3 kHz and the supply voltage has been increased to 70V, maintaining the duty cycle of 0.5. This causes the large ripple and the peaks on the current. These test conditions have been adopted to validate the model. The results are shown in the following Figures. The experimental and simulated current are shown in Figure 12 and the relative error is shown in Figure 13 . It can be noted that in the worst case the error in a switching period is lower than 13%. The experimental and simulated output voltage are shown in Figure 14 . In this case a good agreement can be noted as well. 
B. Static Gain
The static gain, defined as the ratio of the output voltage V 0 and the input voltage V s has been evaluated in simulation considering the same DC point with a linear inductor whose value is equal to L o (Figure 15a ) and with the inductor modelled by eq. (8) (Figure 15b ). The switching frequency is equal to 6 kHz and the supply voltage is equal to 70V. In an ideal case the Buck converter should have a gain equal to the duty cycle D. It can be noted that in both cases the intersection of the surface with a plane at constant current gives a straight line for low currents whereas it is influenced by a drop voltage on the parasitic parameters increasing the current. In any case the gain does not differ significantly in case of linear inductor and non-linear one, as a matter of fact the maximum error is equal to 2.5·10 -3 %. 
C. Step response
The simulated step response has been analysed in both cases, i.e. when the DC/DC converter is operated with a small ripple (obtained increasing the switching frequency to 20 kHz) and with a large ripple (the inductor is operated in roll-off region). The step has been obtained by varying the load resistance from 70 Ω to 11 Ω. The current flowing through the inductor and the output voltage when the ripple is small are respectively plotted in Figure 16 and in Figure 17 . In this last case the settling time (evaluated in a range of 5%) is equal to 3.47 ms. The initial voltage is equal to 34.3 V whereas the final voltage is equal to 32.8V. The initial ripple on the voltage is equal to 0.017 V and the final value is equal to 0.031 V. Fig. 16 . Inductor current step response with a small ripple Figure 18 and 19 show the current through the inductor and the output voltage with large ripple obtained lowering the switching frequency to 6 kHz. The settling time of the output voltage (evaluated in a range of 5%) is equal to 2.62 ms. The initial voltage is equal to 34.3 V whereas the final voltage is equal to 32.8V. The initial ripple on the voltage is equal to 0.19 V and the final value is equal to 0.34 V. Comparing Figures 16 and 18 it can be noted that the increased ripple implies a higher current peak in the inductor as expected. 
Conclusion
The exploitation of roll-off region of the inductor in a DC/DC Buck converter has been analysed by a suitable model. The non-linear model of the inductor in a DC/DC
